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ABSTRACT: 

A simple thermodynamic model is proposed for predicting hydrate forming conditions for 
natural gas components in the presence of single component or mixed electrolyte solutions. 
The parameters required for use of the model are developed and presented. The model is 
quite accurate with average deviations between calculated and experimental values of less 
than 0.5% for systems not included in the model parameter determination. 

INTRODUCTION: 

Gas hydrates are a form of clathrate -- compounds in which guest molecules are entrapped in 
a cage lattice structure composed of host molecules. They were first discovered by Davy in 
1810 who produced chlorine hydrate (24). Natural gas hydrates were first produced by Villard 
in 1888 (25). Hydrates of natural gas components are ice-like solid compounds that can form 
under temperature conditions 25°C (40°F) or more above the freezing point of water. 

Several different hydrate structures are known. Most polar and some weakly polar gases form 
either a structure I or structure Il hydrate. The hydrate formed depends primarily on the size of 
the guest molecule. Methane and ethane form structure I hydrates while propane and iso- 
butane form structure It hydrates. Parrish and Prausnik (18) reported the physical 
characteristics of structure I and Il hydrates. 

Gas hydrates are ice-like clathrate compounds that are solids. They can accumulate in low 
places or around valves and fittings causing gas gathering and flow lines to become clogged 
and shut off gas flow. This is a particular problem in cold weather when line temperatures are 
most likely to be in the hydrate forming range. Knowledge of hydrate forming conditions and 
ways of preventing hydrates from forming are important to the natural gas industry. These 
areas are well developed and reliable methods are available for both natural gas mixtures 
(Maddox. et al. 14) and gas mixtures with inhibitors present (Moshfeghian and Maddox, 16). 

Salt solutions and brine are frequently produced along with natural gas. Also, hydrates have 
been suggested as one way of making sea water potable (Knox, et al., 12) and as a possible 
way of storing natural gas in salt pits (Miller and Strong, 15). Capabilities for predicting natural 
gas forming conditions in the presence of weak electrolytes need improvement. That is the 
justification for the work presented here. 

APPROACH 

The approach used to develop the procedure for estimating hydrate forming conditions for 
gases over electrolytes is similar to that used by Moshfeghian and Maddox (1990) for their 
work on inhibited water solutions. They predicted the conditions for hydrate formation over 
pure water and then calculated an adjustment, or change, in those conditions to account for 
the presence of the inhibitor. 

In the present work the method of Holder, Cohin and Papadopoulos (1980) is used to 
calculate the conditions for hydrate formation over pure water, and equations are developed to 
adjust those conditions for the presence of electrolyte. Holder and mworkers used 
experimental measurements to generate chemical potential, enthalpy and heat capacity 
functions. No gas species dependent adjustable parameters are required. 

THERMODYNAMIC MODEL 

The equations used for predicting the influence of weak electrolyte solutions on natural gas 
hydrate forming conditions were developed from the work of van der Waals and Plalteeuw, 
(23). The value of the Langmuir constant depends on temperature and potential energy 
function parameters and was evaluated using the mathematical expressions of Parrish and 
Prausnik (18). 
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At equilibrium the chemical potential of water is equal in all phases present. If the free water is 
present as ice, none of the ice will be incorporated within the hydrate structure, and the 
chemical potential of the water in the hydrate will be equal to that of ice. If liquid water is 
present the free water and the water in the hydrate will have the same chemical potential. 

The way in which the activity of water is evaluated depends on the components present in the 
system under consideration. If pure liquid water is present Holder, et al. (8) suggest that gas 
solubility in the water phase will be so slight that x,, the mole fraction of water, may be used 
without creating significant error. If. on the other hand, water is present in an electrolyte 
solution with an appreciable concentration of salt present, the model suggested by Piker and 
Mayorga (22) can be used to estimate the activity of water in the electrolyte. Following 
Englezos and Bishnoi (5) and Tohidi, et al. (26) this work has used the Piker and Mayorga 
activity model for predicting conditions necessary for hydrate formation in the presence of 
electrolyte solutions. 

In case there is more than one electrolyte present in the solution, the procedure proposed by 
Patwardhan and Kumar (1 9) is used to estimate the water activity. 

Formation of hydrate from gas and liquid water molecules where G molecules of gas involve N 
molecules of water can be represented by the following chemical reaction: 

G + N(Hz0) t+ GN(H20) 

For this representation Maddox. et al. (14) showed that the effect of a non electrolyte inhibitor 
on the hydrate temperature of a natural gas could be explained as: 

(1 ) 

The derivation of equation (1) is discussed in detail by Pieroen (21). The electrolyte can be 
treated as an "inhibitor" if the procedure developed is used for estimating electrolyte activities 
and other parameters. In this work (AHINR), the enthalpy of hydrate formation per water 
molecule in the hydrate lattice in equation (1) is assumed to be a function of pressure and the 
ionic strength of the electrolyte solution and to take the following form: 

AH e , P  
NR I + e , P + e , ( h P )  
-= 

with el, e2. e3 and e, being adjustable parameters determined from experimental electrolyte 
solution hydrate data. 

Experimental measurements of the hydrate temperature of methane (1, 2, 23) and ethane 
(6,26) in the presence of liquid water and electrolyte solutions and propane (8. 10. 13, 26) in 
the presence of ice. liquid water and electrolyte solution were used to evaluate the parameters 
in equation (2). The values are: el= 597.33; 82=-0.0409; e3=0.0000227; e4=-0.0751. These 
are global parameters that apply for any gas and any single or mixed electrolyte solution. 
They reproduce the measurements of Blanc and Tournier-Lassenre (l), Dholabhai, et ai. (3). 
and Roo, et al. (23) for methane (CH,) with an average absolute temperature deviation of 
0.33%; The experimental determinations by Englezos and Bishnoi (6) and Tohidi. et al. (26) 
for ethane are reproduced with an average absolute deviation of 0.56% across all data points. 
Experimental data for propane by Englezos and Ngan (e), Holder and Godbole (10). Kubota, 
et al. (13), and Tohidi, et al. (26) are reproduced with an average absolute deviation for all 
propane data points of 0.35%. A summary of these results is shown in Table 1. 

CALCULATION PROCEDURE 

Based on the discussion above a procedure for calculating the hydrate forming temperature 
and pressure for natural gas components in contact with water containing one or more 
electrolyte salts can be suggested. Assuming that the pressure is fixed and the hydrate 
forming temperature is required, the sequential steps in the procedure are: 

1. Assume that the hydrate forming temperature in the presence of water with no electrolyte 
present is above 273.15K. the freezing point of water. If the hydrate temperature is lower than 
this, that fact will become evident and the assumed temperature can be changed. Use 
equations 3, 7 and 13 to evaluate P. 
2. Calculate the activity of water and AWNR. 
3. Calculate the hydrate temperature in the presence of electrolyte. 
4. If the temperature calculated in step 3 is greater than 273.15K, all is well; if it is lower than 
273.15K retum to step 1, assume the temperature is less than 273.15K. and repeat steps 2 
and 3. 
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RESULTS 

The procedure outlined has been used to predict hydrate forming conditions for carbon dioxide 
(Cod over electrolyte solutions. COz is a different gas than light hydrocafbons in that it 
displays appreciable solubility in water, even at moderate pressures. There are cases in which 
gas solubility is high enough that the mole fraction of water in the water phase departs 
substantially from 1 .O. The solubility of CO, in water can be expressed as: 

where: 
gr = -725919.22 
g2 = 2890.54 
Q3 = 0.05127 
g, = -0.11228 

Calculations of COz solubility using equation (3) match the experimental measurements of Con 
solubility made by Stewart and Munjal (25) within an average absolute mole fraction WI 
deviation of 0.00042 over temperatures from 259 to 281 K and pressures from 1 .O to 4.25 MPa. 
Using equation (3) for CO, solubility in water and the hydrate prediction procedure developed 
here, the hydrate forming conditions for GOz over electrolyte solutions have been calculated " 
and compared with experimental determinations made by Dholabhai, et al. (4). and Englezos 
(7). The results for CO, are summarized in Table 1. The 161 COz data points show an 
average absolute temperature deviation of 0.46% over the full temperature, electrolyte 
composition and pressure range of the data. , 

CONCLUSION 

The model developed for predicting hydrate forming conditions in the presence of electrolyte 
solutions does an excellent job of reproducing experimental measurements. It also has the 
capability to make accurate predictions of hydrate formation in cases where the gas shows 
appreciable solubility in the water phase. It represents a significant step in predicting hydrate 
forming conditions for constituents of natural gas. 

NOMENCLATURE 

a, = activity of water 
at = activity of water in the single salt solution defined by m: 
A, = Debye-Huckel coefficient = 0.392 for water at 25°C 

= parameter in equation (10) 
PI = parameter in equation (10) 
P2 = parameter in equation (10) 
C,, = Langmuir constant 
CP = specific heat, caVg-mole-K 
f,. = gas-phase fugacity of the Afh gas species 
h = molar enthalpy, caWg-mole 
m = molality of electrolyte solution 
mk = molality of electrolyte k in mixed electrolyte solution 
mi = molality of electrolyte kin a solution containing only electrolyte k and that has 

n = formula of electrolyte 
n, = number of positive ions in electrolyte formula 
n. = number of negative ions in electrolyte formula 
nc = total number of components in gas phase 
R = gas constant. 1.987 cal/g-mole-K 
T = absolute temperature, K 
V = molar volume cm3/g-mole 
p t  = chemical potential of water in the gas occupied lattice, cal/g-mole 
Apt = change in chemical potential of water caused by hydrate formation, catfgmole 
p t  = chemical potential of water in the unoccupied lattice, Wg-mole 
p: = chemical potential of ice, caWgmole 
p t  = chemical potential of pure water, caWg-mole 
Omj = fraction of the type m cavities which are occupied by a j-type gas molecule 
Urn = ratio of the number of type m cavities to the number of water molecules in the 

z = charge on ions in electrolyte formula 

the same ionic strength as the mixed solution 

hydrate phase 
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Tabla 1 

Electrolyte Temperature Pressure AATD' 

rnoVL K MPa K 
Component Concentration Range Range 

NaCl KCI CaCI2 

CH4 0-5.43 0-1.57 0-1.07 261-281 2.39-92.0 0.33 

GHe 04.28 0-1.88 0-1.59 265-283 0.50-2.0 0.56 

GHe 0.4.27 03.35 0-1.61 248-278 0.1-0.54 0.35 

C o o  0-4.29 0-2.36 0-2.24 259-281 1.0423 0.46 

Average Absolute Temperature Deviation 
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